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ABSTRACT 
Connections between departures from the seasonal cycle of sea surface temperature (SST) in the tropical 
Atlantic and 50 kpa height over the midlatitude North Atlantic are studied for the period 1964-86. The tele- 
connections in both time and space are studied using canonical correlation analyses performed on the observed 
fields filtered by their first empirical orthogonal functions. By shifting the atmospheric time series relative to 
the oceanic one, the method yields estimates of the best correlation patterns. Two modes of teleconnection 
emerge, and both involve the midlatitude atmosphere leading the tropical ocean. The first linkage, being almost 
in phase, seems to be controlled by a direct mechanism. The second one, with a two season time lag, involves 
the global ocean-atmosphere circulation and is weakly correlated with a Southern Oscillation index. Both 
phenomena have strong seasonality. Like the midlatitude oceans, therefore, the tropical Atlantic seems to be 
led by the atmosphere and there is no evidence, unlike the tropical Pacific, of surface temperature anomalies 
inducing a midlatitude atmospheric response. 
. 
1. Introduction 
A large number of observational, theoretical and 
modeling studies on the interaction between the tropics 
and midlatitudes support the hypothesis that these do- 
mains are coupled over wide ranges of spatial and tem- 
poral scales. Based solely on the atmospheric circula- 
tion, the teleconnection in the geopotential height field 
between the tropics and extratropics has often been 
quoted as an example of such interaction (Bjerknes 
1969; Hore1 and Wallace 198 1 ) . The sea surface tem- 
perature (SST), by generating latent, sensible and ra- 
diative heat fluxes, is thought to be a primary agent by 
which the ocean influences the atmosphere. Effects of 
an oceanic heat source on atmospheric circulation have 
been studied theoretically by several authors (Gill 1980; 
Webster 1981; Lim and Chang 1983). It seems that 
tropical SST anomalies influence atmospheric condi- 
tions in both meridional and zonal directions. These 
effects were primarily postulated by Bjerknes ( 1966, 
1969) for the Pacific region. This author points out 
that an anomalously high SST along the equator in the 
central and eastern Pacific increases the heat supply 
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from the oceans, thereby intensifying the convection 
which forms the ascending branch of the Hadley cir- 
culation. In testing the validity of Bjerknes' hypothesis, 
Chiu et al. ( 198 1 ) found that a warming (or cooling) 
of the SST in the equatorial eastern Pacific is associated 
with a delayed (by two months) strengthening (or 
weakening) of the upper tropospheric westerlies in the 
eastern Pacific subtropics. Numerical experiments with 
general circulation models (GCM) (Rowntree 1972; 
Julian and Chervin 1978; Chervin and Druyan 1984) 
have indicated that prescribed changes in tropical SST 
can affect winds associated with the zonal Walker cir- 
culation. 
Most studies on tropical-midlatitude interaction 
have considered only the influence of the Pacific region. 
This is justified by the size of this ocean and by the 
amplitude of SST anomalies that develop in its equa- 
torial part; for example, in 1982-83 (Quiroz 1983). 
However, the Atlantic Ocean can also exhibit large- 
scale SST anomalies of several O C ;  for example, in 1984 
(Philander 1986). 
The scope of this study is to investigate relationships 
between oceanic conditions within the tropical Atlantic 
basin and the atmospheric circulation over northern 
Atlantic midlatitudes. Given the results of GCM sim- 
ulations of the response to an El Niño-type SST anom- 
aly in the tropical Pacific (e.g., Nihoul 1985), we may 
wonder what kind of SST anomaly is needed in the 
tropical Atlantic to produce a midlatitude atmospheric 
response. For this purpose, we use monthly fields of 
SST and 50 P a  geopotential heights inside these two 
domains, respectively. The statistical method used to 
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produce linear indices of the two fields that maximize 
their time correlation is the canonical correlation anal- 
ysis (CCA) (Nicholls 1987; Barnett and Preisendorfer 
1987). Because our results may be sensitive to the 
length of the dataset, we need to test carefully the 
nificance of the correlation coefficients produced' by 
the algorithm. 
2. Description of the data 
For this study we use monthly data of SST on a 2" 
latitude X 2" longitude mesh established by Picaut et 
al. (1985) and updated by Servain et al. (1987). The 
study area extends from 30"N to 20's and from 60"W 
to the African continent. The raw data are merchant 
ship observations for the period January 1964 through 
December 1986. Monthly numbers of observations, as 
well as a discussion about both the subjective and ob- 
jective analyses used to obtain regular fields in space 
and time, are given in Picaut et al. ( 1985) and in Ser- 
vain et al. ( 1987). The amount of data is sufficient to 
estimate the monthly mean values of SST globally. 
Figure 1 exhibits the mean SST field over the whole 
period. The warmest SST (>27"C) are present along 
a zonal belt located close to 5"N. Notice also that the 
north-south gradient is stronger in the eastern part of 
the basin, where seasonal upwellings occur. 
The French weather service has developed a daily 
data file of 50 kPa heights spread over 89 points on an 
irregular grid covering eastern America, the Atlantic 
Ocean, and Europe from 77' to 25"N (Volmer et al. 
1984). These points correspond to 77 stations of the 
radiosonde network and 12 points that have been in- 
terpolated over the ocean in data void areas. Each daily 
. map has been drawn, checked, and completed in real 
time by a synoptician. We used this data bank to pro- 
vide the 300 monthly means for the period January 
1963 through December 1987. This period includes 
that of the SST data and allows shifting the height da- 
taset several months before or after the SST data with- 
out modifying the common period 1964-86. Figure 2 
exhibits the mean height field over the whole period. 
The 89 points are indicated by a dot when they cor- 
respond to a station or by a cross when they result from 
an interpolation. The mean field is essentially zonal. 
3. Canonical correlation analysis of the data 
a. Processing 
The annual cycle of both fields has been computed 
by averaging the 23 (SST) or 25 (height) values at each 
grid point for each calendar month. Consider expan- 
sions of the SST and 50 kPa height monthly departures 
from this annual cycle (x denoting space and t time): 
a 
I 
0 = 2 a, ( t )A*(x)  (1) 
(2) 
i= 1 
J 
Z50(YY 0 = 2 b,(t)B,(Y) 
j -  1 
RG. 1. Mean values of sea surface temperature (OC) in the domain of the study from 1964 to 1986. 
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RG. 2: Mean values of 50 kPa height (m) in the domain of the study from 1963 to 1987. Solid dots indicate location 
of the stations of the radiosonde network, crosses indicate the points of interpolation. 
where Ai and Bi are empirical orthogonal functions 
(EOF) and ai and bj the corresponding scores. Ai( Bi)  
is the ith eigenvector of the covariance matrix of the 
SST (height) anomalies; it is scaled so that the standard 
deviation of ai( bi) is 1. We can rotate Ai and ai in order 
to get new vectors Ci and new scores Ciy the scores re- 
maining uncorrelated in time and standardized 
I 
SST(X, t )  = cj(t>Cj(x>. (3) 
i= 1 
We can do the same with 50 kPa height: 
J 
Z~O(V, 2) = C d i ( t ) D j ( y ) -  (4) 
j- 1 
Among multiple possibilities of rotation of the axes, 
we choose the pair of rotations which maximizes the 
time correlation coefficients of the first scores: 
cor(c,, d l )  > cor(c2, d2) > . . . . (5) 
The algorithm consists of diagonalizing a symmet- 
rical matrix, arranging the eigenvalues, and projecting 
the former axes onto the eigenvectors. As a further 
‘result of the method, ci and 4 are uncorrelated for i 
fi. The pair (Ci, Di)  is called the ith canonical load- 
ings in this paper, in analogy to the EOF analysis, and 
(C i ,  di) the ith canonical variates. This method, called 
canonical correlation analysis (CCA) , is described in 
Glahn ( 1968) and has recently been used by Nicholls 
( 1987) to study atmospheric teleconnections and by 
Bamett and Preisendorfer ( 1987) to study monthly and 
seasonal predictability. A short description of the tech- 
nique is given in appendix A. 
We have performed several CCAs with our data fÖr 
the period 1964-86, shifting the 50 kPa height anom- 
alies by n months ( n  = -8, -7, * - , 7, 8). For each 
value of i l ,  the CCA exhibits SST structures which are 
linked to height structures that occur earlier for n > O 
or later for n -= O. The value of the correlation indicates 
whether the link at the lag n is significant; the spatial 
average of Ci2 (or Di2) ,divided by the’spatial average 
of the time variance of SST (or height), indicates 
whether this canonical variate corresponds to an im 
portant mode of variability of the field. This ratio will 
be necessarily lower than the percentage of vari 
explained by the first EOF, since the aim of the 
analysis is to maximize this ratio. In the followin 
shall consider only the first canonical loadings ( Cl ,
D I )  and variates (c1, 4 ) .  An important question to 
decide is, what are the values of I and J that limit the 
EOF expansion? A strong limitation on the number of, 
predictors is vital to CCA. Because this method is 
largely a posteriori, it will always find the nearest al- 
gebraic relation between height and SST. Using the l 
maximum values I = 276 and J 7 89 would give op- 
timistic correlations and artificial patterns. With 23 
years of data, we, can assume that we have about 50 
independent situations (the autocorrelations are close 
to zero at 6 month lag), so we must avoid optimizing 
more than 50 parameters. Thus I and Jmust be taken 
near 20. To increase the robustness of the method, one 
can also set I = 1 or J = 1. Livezey and Mo (1987) 
have identified some teleconnections by setting a priori 
the pattern for the atmospheric circulation, i.e., they 
have calculated correlation maps between the SST field 
and a Pacific-North America index. We have decided 
to truncate the expansions at I = 15 (73% of the total 
nonseasonal SST variance) and J = 20 (96% of the 
total nonseasonal height variance). This choice will be 
justified here. We thus have to diagonalize a 15 X 15 
matrix. To evaluate the robustness of the method, one 
can sum up the number of parameters that have been 
estimated: one 89 X 89 and one 276 X 276 covariance 
matrix to calculate the principal components, and, for 
each lag, one 20 X 15 cross-covariance matrix. The 
number of optimal parameters calculated by the al- 
gorithm is, for each lag, 35. 
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but these lags do not correspond to sharp boundaries. 
5 .. Maps of SST loadings are very similar for two consec- 
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Figure 3 shows the correlation and the variances of 
the first variates c 1 ( t  ) and dl ( t )  as a function of lag. 
The Correlation (solid line) is rather flat. This curve 
may be interpreted as the envelope of all the correlation 
diagrams one can obtain between any linear index of 
SST and any linear index of height. The values are 
greater than 0.59 and the highest one is 0.69 (lag 1 and 
lag 6). The SST variance exhibits two maxima, at lag 
1 (9%) and at lag 6 (7%), and the height variance ex- 
hibits one maximum at lag 1 (5%). These relative vari- 
ances are small but must be compared with those of 
the first SST EOF (21%) and height EOF (24%). It 
seems that a physical phenomenon occurs at lag 1; i.e., 
the ocean lagged one month behind the atmosphere, 
and perhaps at lag 6. 
We now need to investigate the significance of the 
correlations. We have therefore canied out a testing 
procedure often referred to as cross validation (Mi- 
chaelsen 1987). We calculated the canonical variates 
for year Y with the following procedure: a training da- 
taset which consists of 20 years, obtained by removing 
years Y - 1, Y ,  and Y + 1 from the dataset, enables 
us to calculate canonical loadings that do not depend 
on year Y; then the SST and height fields of year Y are 
projected onto these loadings to produce new canonical ' 
variates. The correlation coefficient calculated with 
these variates estimates the correlation one could expect 
between indices outside the period 1964-86. Figure 4 
shows. these correlation coefficients as a function of 
lag. Obviously the values are below those of Fig. 3, but 
different lags do not have the same robustness. The 
abovementioned two lags (i.e., lag 1 and lag 6)  are 
clearly identified on this diagram. The cross validation 
correlation is 0.52 at lag 1 and 0.55 at lag 6. An exten- 
sion of the cross validation technique (see appendix 
B) provides a confidence interval for the correlation. 
The shaded area of Fig. 4 indicates the 90% confidence 
interval (between the 5th and the 95th percentile of 
the distribution). 
VOLUME 2
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FIG. 4. Estimate of the canonical correlation by a cross validation 
procedure, as a function of the lag. The shaded area corresponds to 
90% significance intervals. 
At this stage, we can justify the choice of the number 
of retained EOFs. Table I shows the various correlation 
coefficients we obtain with the cross validation pro- 
cedure applied to lag l and with different numbers of 
EOFs. Tible 2 shows the same for lag 6. As the number 
of EOFs increases, we observe first an increase of cor- 
relation, due to a better representation of the fields; 
but then the correlation decreases because a too-large 
number of EOFs produces artificial canonical loadings 
in the training dataset (this decrease is, of course, not 
observed with the simple CCA technique). This phe- 
nomenon is well illustrated in both tables, and the op- 
timum is reached with 15 SST EOFs and 20 height 
EOFs. Of course, the results we shall discuss here are 
not strongly dependent on this choice, and we obtained 
similar patterns in the range 15-25. Note that the Jag 
1 phenomenon is fairly well correlated with a small 
number of EOFs, though the lag 6 phenomenon re- 
quires at least 20 height EOFs. With a small'number 
of EOFs, lag 1 is prominent, and with a large number, 
lag 6 has the maximum correlation. Thus the choice 
(15, 20) is a compromise that lets both phenomena 
occur. It appears that the technique is more sensitive 
lag (month) 5 .42 .38 .38 .38 .35 .35 I O  .31 .34 .34 .30 .26 .24 
15 .47 .47 .41 .44 .41 .42 
.44 .47 .52 .34 .31 .26 2o 
.42 .44 .5 1 .44 .34 .3 1 25 
.35 .32 .35 .21 .13 .I3 3o 
FIG. 3. Correlation coefficient (solid line) and percentage of vari- 
ance (unit %) expIained by the first canonical variate of SST.(dashed 
line) and height (dotted line) as a function of the time lag. A positive 
lag corresponds to the atmosphere leading the ocean. 
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: 
SST EOFs 
Height 
EOFs 5 10 15 20 25 30 
5 -.11 .23 .23 -21 .19 .22 
10 -.O3 .lS .18 .O9 -.O2 .O6 
15 .17 -.O2 .O5 .19 .13 .os 
20 .50 .4s .55 .54 .50 .51 
25 .5 1 .47 .52 .50 .45 '.48 
30 .4s .49 .53 .51 .46 .49 
- .. 
utive lags. We can, however, distinguish three kinds of 
maps: 
( i )  lag -8 to -6: NW-SE dipole (not shown). 
(ii) lag -5 to 4: constant sign (e.g., Fig. 5a). 
(iii) lag 5 to 8: N-S dipole (e.g., Fig. 6a). 
Moreover the N-S dipole appears in the second ca- 
nonical'loading for lags -4 to 4. The height loadings 
show a larger dependency on the time lag. 
b. Lag I teleconnection 
Consider now the pair of first canonical variates and 
the corresponding loadings at lag 1. Figure 5 displays 
the canonical loadings for (a) SST and (b) height and 
(c) both time series of canonical variates, the height 
time series being shifted one month later to place the 
peaks in phase. The SST loading map corresponds to 
a cooling (or a warming) of the major part of the basin 
with maximum amplitude in the vicinity of the Dakar 
upwelling. The height loadings correspond to a merid- 
ional dipole over the Atlantic basin with an axis located 
along 40"W and two cores: one (negative) at %"Ny 
the other (positive) at 35"N. This pattern is rather 
similar (except for the sign which is arbitrary) to the 
typical one described previously by Walker and Bliss 
(1932) and by Kutzbach (1970) in their discussion of 
the North Atlantic oscillation (NAO) based on sea level 
pressure ,analyses; but the structures are shifted south- 
wards. When the canonical variate is positive (or neg- 
ative) the westerly circulation is strengthened (or 
weakened) and displaced northwards (or southwards). 
The physical interpretation of the phenomenon is rel- 
atively easy. For example, when the variate is positive, 
the anticyclone at the Azores is strengthened and the 
trade winds become stronger. This behavior (which 
can be detailed by computing surface pressure and wind 
stress composites) tends to produce, one month later, 
' the onset of negative SST anomalies in the northem 
tropical Atlantic basin (Servain and Legler 1986): the 
Dakar upwelling increases, bringing mbre deep cold 
water to the sea surface. The fact that in this case the 
oceanic response is of a single sign in practically the 
whole basin allows us to postulate that the process in- 
volved here is the same as one of the two types (the 
global one) defined previously by Servain and Legler 
(1986). 
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e.' Lag 6 leleconneclion 
Figure 6 shows the canonical loading map at lag 6 
for (a) SST and (b) height and (c) both series of ca- 
nonical variates; the height time series has been shifted 
6 months later to place the peaks in phase. The SST 
map exhibits roughly a phase difference between the 
Northern and the Southern hemispheres, while the 
height map displays a contrast between eastern Atlantic 
and northern Europe. When the canonical variates are 
positive, a northwesterly atmospheric. circulation 
anomaly over Europe results from the geostrophic bal- 
ance. Two seasons later, the tropical sea surface is 
warmer north of the equator and colder in the south. 
The time series contain a low frequency variability 
which is more pronounced than in Fig. 5c. The ca- 
nonical variates are weak up to 1968, then negative up 
to 1975, then positive up to 1982, and weakly positive 
at the end of the study period. The mainly negative 
period which occurred in the beginning of the 1970s 
coincides with a strengthening ofthe northeasterly trade 
winds and a weakening of the southeasterly ones (Ser- 
vain and Leder 1986). 
The SST anomaly is probably not a direct' conse- 
quence of the height anomaly, but both might be related 
to a common cause, the response of the atmospheric 
circulation being quasi-immediate and the response of 
the SST being delayed by a few months. A possible 
common cause could be linked to the El Niño-Southem 
Oscillation (ENSO) , but Fig. 6c indicates that during 
ENSO events the variates do not have a systematic 
behavior: they are weak and little correlated ïn" 1965- 
66, negative in 1969-70, strongly negative in 1972- 
73, and positive in 1976-77 and in 1982-83. If we 
average the variates over the 5 ENSOs, we get negative 
values, but they are not significantly different from O 
at the 95% level. On the other hand, lagged correlations 
between the Southern Oscillation index (SOI: Tahiti 
minus Darwin pressure) and the SST variate are neg- 
ative from -36 month lag to +36 month lag, with a 
minimum value of -0.4 1 at -24 month lag (the variate 
leading the SOI). To verify the statistical significance 
of such a value, we generated 1000 pairs of independent 
series of the same length and autocorrelation as the 
variate and the SOI, following the technique described 
by Katz ( 1988). The maximum absolute correlation 
from lag -36 to lag t 3 6  is less than 0.38 at the 95% 
level. It seems therefore that the ENSO cycle and our 
phenomenon are positively connected, after all, since 
it is well known that the SOI correlates negatively with 
the ENSO. Two additional arguments support this hy- 
pothesis. Hastenrath et al. ( 1987) have shown that the 
SOI is correlated negatively with SST in the north 
tropical Atlantic and positively in the south tropical 
Atlantic. Conversely, if one considers the correlation 
map (not shown) between the variate and the Pacific 
SST, one finds 4-0.40 in the equatorial region. 
To better document this relationship and to inves- 
tigate connections with other regions, we have con- 
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FIG. 5. Canonical correlation analysis at lag 1. First canonical loadings (a) for SSTI'C), (b) for height (m) and (c)for canonical variates 
for SST (solid line) and height (dashed line) (dimensionless unit; standard deviation ='I). The dates correspond to the SST variates, the 
height variates being shifted 1 month later. 
strkted maps ofthe global atmospheric or oceanic sta- posite result) when calculating the correlation coeffi- 
tus at the time the variate is positive. One way to pro- cients between the variate and the SOI. If X( x, t )  is a 
ceed is to calculate composites of the global fields when field and c( 2 )  the variate, the covariance is given by 
the variate is greater than a given threshold. We prefer 
on the assumption of the linearity of the response, and 
since we have just seen that linear methods are more 
robust: when averaging the variates over the 5 ENSOs, 
we found nonsignificant negative values, whereas we 
found significant negative correlations (i.e., the op- 
to calculate covariance maps, since the CCA is based l T  
, T,=I 
cv( = - x( x, t ) c ( t )  
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Since c( t )  has a mean O and a standard deviation 1 
in the period 1964-86, Eq. (6) may be interpreted as 
a weighted composite of.the field X. If the period ( t  
= 1, T) is the period 1964-86, X(x, t )  the tropical 
Atlantic SST and c( t )  the SST variate, then CV( x) is 
identically the SST canonical loadings (the same is true 
for height). Thus, when X( x, t )  is the global SST field, 
CV( x) may be interpreted as the global extension of 
Fig. 6. Figure 7 shows the covariance between the SST 
canonical variate and'the SST analyses from the Cli- 
mate Analysis Center (Reynolds 1988) between 40"s 
and 60"N for the period 1970-84. One can find again 
in this figure the north-south contrast in the tropical 
Atlantic, which in fact extends into the northem mid- 
latitudes. This figure also exhibits a weak El Niño-type 
pattern in the Pacific. This result agrees with our pre- 
vious hypothesis. Because the strongest correlation be- 
tween the variate and the SOI is observed with a time 
lag of several months, we calculated lagged covariance 
maps (not shown) from -24 to f 2 4  months. All the 
maps exhibit a positive maximum in the equatorial 
Pacific and negative values in the North and the South 
Pacific. When the variate lags SST, this maximum de- 
creases down to lag 12 (0.2"C), then increases up to 
lag 24 (0.4"C). When the variate leads SST, the max- 
imum increases up to lag -18 (OS"C), then decreases 
down to lag -24 (0.4"C). From lag - 18 to lag 18, the 
maps show a dipole in the tropical Atlantic with a 
maximum value at lag O. . 
Figure 8 shows the covariance' map between] the 
height variate and 50 kPa height analyses in the North- 
em Hemisphere from the French weather seryice for 
the period 1964-79. One can recognize thelodpattem 
of Fig. 6b, but the canonical variate does not exhibit 
strong correlations with the rest of the hemispbere. In 
this case, the lagged covariance maps (not shown) in- 
dicate a strong dependence on the time lag. 
These results indicate that the source of the telecon- 
nection is probably not the geopotential height, but 
most likely a global SST anomaly involving the Pacific 
and the Atlantic that has a slow time evolution. To 
explain the time lag of 6 months, we need to study the 
phenomenon season by season. 
4. Seasonality of the telecolnnections 
We have seen in section 3c that the highest peaks of 
the lag 6 variate occur preferentially in summer for 
SST. The time lag of 6 months suggests a probable link 
to the seasonal cycle. Bamston and Livezey (1987) 
have shown that the low-frequency atmospheric cir- 
culation patterns generally have a seasonal dependence. 
For such reasons, we consider the previous patterns 
season by season. Instead of carrying out four different 
CCAs, we prefer to look at the linear composites of the 
fields for the different seasons to avoid reducing the 
sample size. 
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FIG. 6. As in Fig. 5 but for lag 6 (the height variates are shifted 6 months later). 
a. Lag I teleconnection 
If we apply ( 6 )  to the SST field and the SST variate, 
taking into account only the months that belong to a 
given season, we obtain four covariance maps, the av- 
erage of which is identically the canonical loadings of 
Fig. 5a. The same computation can be performed with 
the height field and the height variate. The seasons are 
December-January-February for winter, and so on. 
In fact, this choice is consistent with the Northern 
Hemisphere midlatitude atmosphere, although for the 
tropical ocean a better clustering would have been Jan- 
uary-February-March, and so on. The amplitude of 
the pattern for each season is displayed in Table 3, 
which exhibits the spatial root-mean-square (rms) of 
the covariance maps. One can see that the strongest 
patterns are obtained in winter and spring (winter for 
height and spring for SST). Figure 9 shows the (a) SST 
and (b)  height patterns in spring. They are similar to 
Figs. 5a and 5b, but the amplitude is larger, particularly 
for SST in the Northern Hemisphere. As far as the 
other seasons are concerned (not shown), the winter 
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FIG. 7. Covariance between the SST canonical variate at lag 6 and SST analyses between 40"s and 60"N 
from Reynolds (1988) (unit OC). 
3. 50 
3. O0 
2.50 , 
2.90 i 
1.50 * 
1. 00 
.50 
.90 
-. 50 
-1.90 
-1.50 
-2.00 
-2.50 
-3.00 
-3. so 
64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 7980 81 82 83 84 85 86 
C 
FIG. 6. (Continued) 
SST pattern resembles Fig. 9a, but not the summer variates exceed three standard deviations (see Fig. 5c). 
and autumn ones, though the NAO pattern is present Figure loa shows the map of the observed SST anomaly 
in each season for height. of April 1969. We observe a structure similar to that 
To illustrate the lag 1 teleconnection, we take March of Fig. 5a (after changing the sign) with a warming of 
1969 for 50 kPa height and the following month for about 1°C in the northern part of the basin and 2°C 
SST. This period is particularly interesting because both near the African coast. One month before (Fig 
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FIG. 8. Covariance between the height canonical variate at lag 6 and 50 Wa height analyses 
over the Northern Hemisphere from the French weather service. 
there was a strong dipole in the height field over the 
midlatitude Atlantic. During this month, the midlati- 
tude westerlies were much lighter than normal (Posey 
1969), and a strong westerly surface stress anomaly 
was observed between 20"N and 30"N. which collaused 
in April (Picaut et al. 1985). Others-important phe- 
nomena of this kind are found in NovemberIDecem- 
ber 1970 and Mav/June 1973 (same sim). and in 
MarchIApril 1974 ',and Apnl/May 1976 iopposite 
sign ) . 
b. Lag 6 telebonnection 
Table 3 shows clearly the seasonality of this phe- 
nomenon. It has a maximum amplitude in winter for 
height and in summer for SST. It is important to recall 
that the seasonal cycle has been removed (for the av- 
erages but not for the standard deviations), and that 
there are as many positive as negative events in winter 
for height. Moreover the lag -6 does not exhibit such 
a teleconnection. To measure the impact ofthe seasonal 
cycle of the variance, we have performed the same cal- 
culations as in section 3 for standardized anomalies 
(each anomaly is divided by the standard deviation at 
the grid point-or station-and for the calendar 
' I  . .  
, .  
. . .  
month). The results (not shown) are little changed: 
we observe two peaks of the correlation at 1 and 6 
months and the spatial patterns are similar. The main 
difference is a slight, but significant, decrease of the 
canonical correlation at lag 6. 
Figure 11 shows the summer pattern for (a) SST 
and (b) the winter pattern for height. The maps resem- 
ble Figs. 6a, 6b with a larger amplitude. In the other 
seasons (not shown) the north-south dipole may be 
found in the SST, but the height covariance maps ex- 
hibit patterns different from Fig. 1 1 b. 
To better document the lag 6 teleconnection, Fig. 
12a displays the June 1981 tropical Atlantic SST 
anomaly (both variates greater than 2.5 standard de- 
viations; see Fig. 6c). The pattern is very similar to 
that of Fig. 6a, with negative values in the Southern 
Hemisphere and positive values in the Northern 
Hemisphere. Figure 12b displays the height 6 months 
before, in December 1980. This month was character- 
ized by a very strong anticyclone over eastern Siberia 
(3.5 standard deviations for the sea level pressure 
anomaly) and record warmth in western America 
(Taubensee 198 1 ). While westerly flow across the At- 
lantic Ocean was centered along its normal position, 
high geopotential over the eastern Atlantic produced 
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FIG. 9. (a) Covariance between SST (OC) and SST variate at lag 1 in northem spring, 
and (b) between height (m) and height variate in northern spring. 
a northwestern circulation over Europe. Despite a 
weaker amplitude, because they explain only 7% (resp. 
2%) of the SST (resp. height) variance throughout the 
276 months of the study period, both canonical load- 
ings exhibit patterns similar to the observed anomalies. 
Other noticeable events of this kind are found in Jan- 
uary/JuIy 1976 and May/November 1980 (same sign), 
and in November 1968/May 1969 and December 
1971/June 1972 (opposite sign). 
5. Summary and concluding remarks 
Teleconnections between ,monthly SST anomalies 
in the tropical Atlantic basin and monthly height 
anomalies of the 50 kPa surface over an area covering 
the northern midlatitudes from North America to cen- 
tral Europe are analyzed. The study period runs from 
January 1964 to December 1986. The lagged CCAs 
applied to the tropical Atlantic SST and midlatitude 
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RG. 10. (a) Observed SST anomaly ( O C )  of Apnl 1969 and (b) height anomaly (m) of March 1969. 
TABLE 3. Root-mean-square of the covariance maps between SST 
or height and the corresponding canonical variate at lag 1 and lag 
6 for different seasons. 
DJF MAM JJA SON Year 
Lag 1 
SST ( O C )  1.8 2.8 1.1 0.7 1.4 
Height (m) 21.6 15.9 5.7 10.3 11.9 
Lag 6 
SST ( O C )  1.1 1.3 1.8 1.2 . . 1.2 
Height (m) 13.2 6.8 6.9 8.4 6.5 
50 P a  height, after filtering by the first EOFs and es- 
timating significance by a cross validation procedure, 
exhibit two principal types of teleconnection. For both 
modes, the northern atmosphere circulation is a pre- 
cursor of the thermal status of the tropical ocean sur- 
face, by either 1 or 6 months. These lags do not cor- 
respond to sharp boundaries, since the same kind of 
phenomena occurs at neighboring lags. They have been 
retained because they correspond to maxima of the 
canonical correlation. 
The first type of teleconnection can be related to a 
mechanical forcing of the atmosphere over the Atlantic 
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FIG. 1 1 .  (a )  Covariance between SST ( O C )  and SST variate at lag 6 in northern summer, and (b)  between height (m)  
and height variate in northern winter. 
on the tropical SST by means of the surface wind stress. 
This phenomenon has a maximum intensity in spring 
and is prominent in 1969. We verified that such a type 
of interaction is statistically stable by performing CCAs 
(not shown) with just the first or with the last decade 
of the dataset. . 
The second type of teleconnection is more dependent 
on the study period 1964-86: the canonical variates 
show a low frequency interannual variability (negative 
in the first half of the period, then positive). If we per- 
form lagged CCAs (not shown) with just the first or 
the last decade, this teleconnection pattern is no longer 
prominent. This phenomenon involves slow evolution 
in both Pacific and Atlantic SST, the atmospheric pat- 
tem occumng mainly in winter, and the tropical At- 
lantic SST dipolar pattern having its maximum am- 
plitude during the following summer. This summer 
generally takes place 1 or 2 years before an ENS0 event. 
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FIG. 12. (a) Observed SST anomaly ("C)'of June 1981 and (b) height anomaly (m)  of December 1980. 
I : ,  
The fact that this phenomenon is statistically significant 
does not necessarily imply that it is physically mean- 
ingful, and we cannot exclude that it results from a 
coincidence between two very low frequency phe- 
nomena. 
Our primary goal, to look for a standard type of SST 
anomaly in the tropical Atlantic that exerts a systematic 
influence on the midlatitude atmospheric circulation, 
was not fulfilled. Instead, we fbund higher correlations 
when the atmosphere leads the ocean than when the 
ocean leads the atmosphere (Fig. 4). This kind of result 
has been found by Davis (1976) and Frankignoul 
( 1985) in their studies of the connection between the 
North Pacific Ocean and the atmosphere. In any event, 
an impact of the tropical Atlantic Ocean on the mid- 
latitude atmosphere may well exist, as it does for the 
tropical Pacific, but if so the response would have to 
be strongly nonlinear, so that a statistical method based 
on linearity, such as used here, is not appropriate. TWO 
ways remain open: nonlinear statistical techniques 
(e.g., based on composites), which require longer da- 
tasets, and GCM studies based on strong observed SST 
t 
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anomalies (e.g.,summer 1984). A recent study by Me- 
choso and Lyons (1988) with the UCLA GCM indi- 
cates that the spring 1984 SST anomalies produce an 
atmospheric response over the equatorial Atlantic and 
Pacific, but there is yet no eGidence of systematic im- 
pact over midlatitudes. 
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APPENDIX A 
centiles of the .distribution. Let c(y, m) be the SST: 
canonical variate at a given lag for year y (y = 1; 23) 
and month in ( m  = 1,  12) as calculated by'the'cross 
validation procedüre, and d(y, m) the same for height.' . .  . . .  Set , .  
Then the correlation between c and d becomes (with 
the reasonable approximation that c and d are cen- 
tered): 
23 
1 
. ;;; 2 X3(Y) 
Technique of the Canonical Correlation Analysis This formula involves three sums of 23 variables 
Let us resume with the notation of section 3a. Let 
Ai(x) ,  ai(t) be the ith ( i  = 1, I) eigenvector and score 
(standardized) of the SST anomalies, and Bj( x), bj(t) 
( j  = 1 , J) be the same for height ( x  = space, t ,= time ). 
Set 
l T  J 
Wj'=- &(¿)bj(t) & = 2 WcWkj. (Al)  
T *=I j- 1 
Diagonalizing V (an I X I symmetrical positive ma- 
trix) yields the normalized eigenvectors Fk (k = l ,  I) 
and the eigenvalues rk (arranged in decreasing order). 
Set 
I 
2 FkjWc. (A21 Gkj = rk-Il2 
i= 1 
The new vectors Ck(x), D ~ ( x )  and the new scores 
c k ( t ) ,  dk(t) introduced in (3) and (4) are given by 
I I 
i= 1 i- 1 
ck(x) = Fk;Ai(X) Ck(t) = 2 Fkiai(t) (A31 
J J 
Dk(X) = C GkjBj(X) dk(t) = C Gkjb,(t) (A4) 
j -  I j =  1 
and we can apply the central limit theorem, to use 
Gaussian rules. Let Mi be the average of Xi(y) and' V, 
the covariance between Xi(y) and XI( y) .  Let us assume 
that the mean square of the variates and their mean 
product are independent between year y and year y;: 
this seems quite reasonable when looking at theYime 
series. Then, the vector (2,  2 2 ,  Z 3 ) ,  obtained by áv- 
eraging X I  ( y ) ,  X2  ( y )  and X3 ( y )  over y follows asymp- 
totically a Gaussian law of averages (Ml  , M2 , M3 )apd 
of covariance matrix V/23. The estimates of A4iTi.and 
Vu are at 
23 c XdY)  (B5 1 
(B6) 
Mi = - 1
v.. = - 1 G ( x i ( y )  - Mi)(Xj(y)  - Mj). 
23 y=l 
22 p1 
23 
It is relatively easy to simulate a random drawing of 
the Gaussian vector ( Z I  ,Z2, Z3) after diagonalizing 
V (since Z I ,  Z 2  and 2 3  are not independent). We 
have thus drawn 1000 values for this vector and de- 
duced 1000 values for the correlation 
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I Then the percentiles are estimated by arranging the and the canonical correlation cor(ck, dk) is rk1I2. 
sample. Several simulations of this type indicate that 
the first two digits are stable. 
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